Objective: To understand the adaptation to lactation of obese rats, by studying the interplay among the gut hormone cholecystokinin (CCK), the adiposity hormone leptin and the affiliation hormone oxytocin in modulating body mass and fat storage. Design: Strain differences were examined between Otsuka Long Evans Tokushima Fatty (OLETF) rats lacking expression of functional CCK-1 receptors and Long Evans Tokushima Otsuka (LETO) controls, tested as nulliparous dams, at the 7 and 15th lactation day, at weaning (lactation day 22) or 8 weeks postweaning. Measurements: We measured body mass, fat pads (brown, retroperitoneal and inguinal) and inguinal adipocytes. Plasma levels of leptin and oxytocin were determined. Results: Fat depots of LETO female rats were larger during lactation compared to the levels found in postweaning and nulliparous female rats. LETO female rats gained weight and accumulated fat during pregnancy and lactation, returning to their normal fat levels postweaning. In contrast, OLETF female rats presented lower body weight and fat depots during the lactation period than nulliparous dams, and regained the weight and fat postweaning. Plasma leptin and oxytocin were highly correlated and followed the same pattern. OLETF leptin levels were highly correlated with fat depot and inguinal cell surface. No significant correlation was found for LETO parameters. Conclusions: Pregnancy and lactation are energy-consuming events, which naturally induce female rats to increase food intake and accumulate fat. When challenged by the demands of rapidly growing preobese OLETF pups, OLETF dams' fat stores are reduced to lean, LETO levels. During lactation, sensitivity of the oxytocinergic neurons descending from the paraventricular nuclei to the nucleus of the solitary tract to CCK is reduced. We theorized that this pathway is not available to OLETF female rats that lack functional CCK-1 receptors to mediate the signal. The current study contributes to the understanding of the female body's adaptation to lactation.
Introduction
To nourish and raise offspring, the female rat body adapts to the special demands of lactation. Thus during this period, considerable changes occur in the female rat body, food consumption increases two to three times relative to nonlactating controls and body weight increases in rats. 1 We do not have a full understanding of the mechanisms underlying these increases in normal weight and certainly not in overweight female rats.
Energy intake is under the control of both short-and longterm signals, among them cholecystokinin (CCK) and leptin, respectively.
2 CCK inhibits food intake by reducing meal size, an effect mediated by the CCK-1 receptor. Plasma leptin levels are positively correlated with the amount of white adipose tissue, and they regulate the activity of neuropeptides in hypothalamic nuclei. In mammals, oxytocin (OT), in addition to modulating social and bonding behaviors, is involved in reproduction and care of offspring, and has both anabolic and catabolic effects. Both peripherally and centrally administrated OT induce a dose-related reduction in feeding. 3 Systematic administration of CCK inhibits gastric motility, reduces food intake and stimulates pituitary secretion of OT in rats. OT fibers and endings have been described in various brain areas, including the dorsal medial hypothalamus (DMH), nucleus of the solitary tract (NTS) and the dorsal motor nucleus of the vagus nerve. In rats, populations of low-and high-affinity OT receptors have been described in the brain and in adipocytes. [3] [4] [5] Within the hypothalamus, the neurons that undergo the most dramatic changes during pregnancy and lactation are the magnocellular neurons of the supraoptic nucleus (SON) and paraventricular nuclei (PVN), where OT is produced. 6 Peripheral levels of OT are about a tenth of cerebrospinal fluid levels. 7 Hyperphagia in lactating female rats is associated with decreased sensitivity to the satiety effects of CCK, 1 and with reduced blood leptin levels relative to nonlactating rats. [8] [9] [10] [11] Although the hypoleptinemia should facilitate the hyperphagia of lactation, other orexigenic signals must also be involved. 12, 13 During lactation, the amount of hypothalamic neuropeptide Y (NPY) increases 8 mainly in the DMH. 14 In Western society, the incidences of overweight and obesity are increasing. Weight gain during pregnancy and lactation has many implications for women's and children's health, including risks related to adult obesity. 15 Compared to normal-weight women, overweight and obese women retain more of the body weight gained during pregnancy and postpartum, when examined in the second year after giving birth. 16 Stein and co-workers 17 suggest that a high leptin concentration postpartum may predict an increased risk of overweight and obesity in vulnerable women. Thus, it is very important to understand weight regulation mechanisms during lactation and postweaning (PW). To elucidate the contribution of CCK, leptin and OT to adaptation to lactation, we used genetically obese Otsuka Long Evans Tokushima Fatty (OLETF) rats, lacking expression of functional CCK-1 receptors. 18, 19 In the absence of functional peripheral short-term CCK satiety signaling, male OLETF rats eat large meals, accumulate larger fat pads and become obese. Meal size of OLETF male rats is double than that of Long Evans Tokushima Otsuka (LETO) controls, although meal number decreases, but not to a sufficient degree to prevent overweight. 19 OLETF male rats fail to compensate for fat calories. 20 Leptin acts at the level of the hypothalamus to decrease the synthesis and secretion of NPY and agouti-related peptide (AGRP) 8 and decreases the synthesis of the prepropeptide pre-opiomelanocortin (POMC). OLETF rats do not appear to have a primary deficit involving arcuate nucleus NPY or POMC signaling but rather a primary deficit in DMH hypothalamic NPY signaling, with upregulated levels of DMH NPY that may contribute to their hyperphagia and obesity. [21] [22] [23] OLETF rats were chosen for this study for several reasons, beyond their CCK-1 receptor mutation (that allows the examination of CCK-1 mediation of adaptation to lactation). The first arises from our prior experience with this model. We have characterized numerous aspects of their hyperphagia and obesity and many aspects of their development. 24 Although, the absence of CCK-1 receptor signaling is certainly not common in human obesity, there has been a single case report demonstrating obesity in an individual with such a defect, 25 the OLETF rat does share many features found in human obesity. The OLETF rat does not have a primary deficit in leptin signaling. Like most human obese individuals, the OLETF rat develops leptin resistance as it becomes obese. The OLETF rat is susceptible to diet-induced obesity (DIO). Access to a high-fat (HF) diet enhances their obesity and they have been demonstrated to have increased relative preferences for palatable diets. Unlike many rodent obesity models, the OLETF rat develops type 2 diabetes, as it becomes obese, making it a particularly relevant model. Finally, the OLETF rat has a deficit in DMH NPY signaling. Deficits in DMH NPY signaling have been noted in a number of other rodent obesity models including the lethal agouti yellow, melanocortin 4 receptor knockout, 26 tubby, 27 diet-induced obese 28 and brown adipose tissue (BAT)-deficient obese mice. 29 Although the specific deficit that initiates the cascade for obesity development is specific to the OLETF rat, the manifestations of that deficit that result in obesity are very similar to those found both in other rodent models and in human obesity. Very little research has been conducted on adult OLETF female rats, beyond the issue of their resistance to diabetes, first reported by Kawano. 30 Watanobe demonstrated that the abnormalities in luteinizing hormone and prolactin surge due to hyperleptinemia were restored after 3 days of starvation. 25 In the current research, we investigated the influence of lactation on fat accumulation, leptin and OT, in OLETF and LETO female rats. The results show different patterns of adaptation to the energetic demands of lactation in OLETF vs LETO dams.
Methods
Animals Nulliparous (NP) and multiparous pregnant OLETF and LETO rats from three different shipments from the Tokushima Institute (Otsuka, Japan) were used in these experiments. They were housed in the colony of the Developmental Psychobiology Laboratory at Bar-Ilan University, Ramat-Gan, Israel. Pregnant OLETF and LETO female rats were housed individually in clean polycarbonate cages (18.5 cm height Â 26.5 cm width Â 43 cm length) with stainless steel wire lids and wood shavings as bedding material. Food and water were freely available. The animals were on a 14:10 h light:dark cycle, with lights on at 0500 hours. Room temperature was maintained at 22±2 1C. Dams were checked daily for parturition. Newborn litters found until 1200 hours each day were designated as born on that day (Lac0). On Lac1-2, litters were culled to 10 pups (minimum 6), with sex
Adaptation to lactation in a model of obesity O Zagoory-Sharon et al distribution kept as equal as possible for each litter. The NP group studied in this paper consisted of NP rats that arrived in the shipments and did not give birth, with the addition of some female rats raised from the offspring of the litters born from the pregnant rats. Female rats were investigated in one of the following states: (1) NP controls, (2) at the 7th day of lactation (Lac7), (3) at the 15-16th day of lactation (Lac15), (4) on weaning day, that is, 22nd or 23rd days lactation (Lac22) and (5) 7-8 weeks PW. These time points were chosen because of the duration of pregnancy and nursing. Female rats nurse their pups for 3 weeks, so we sampled at the end of each week. Rat gestation lasts for 21-23 days, so that altogether pregnancy and nursing take place over about 7 weeks. We chose to give animals the same period to recover; therefore, we took measurements from additional female rats 7-8 weeks PW. Postpartum body weight was assessed for comparison purposes on Lac1 (Table 1) .
We attempted to study animals in the different groups that were as similar as possible. Unfortunately some features could not be kept standard, such as weight and age, as the data from female rats were collected during different reproductive states. We also tried to collect data from animals that underwent parturition at the same age. Even so, our PW female rats were older than the lactating dams. We chose female rats that gave birth at the youngest ages for this group to minimize age differences. NP female rats with a wide range of ages were also collected, to serve as appropriate-aged controls for the lactating and PW groups. Despite their diverse ages, the NP groups' weight turned out to be relatively similar (within-strain), and lower than that of the PW female rats. Thus, parturition and lactation altered the weight of animals. We collected data only from those female rats who raised their pups appropriately, as determined by daily observations, and from those whose pups' weight gain was as expected for their strain. NP and PW rats were kept in a cage with other adult female rats. All applicable institutional and governmental regulations concerning the ethical use of animals were followed during this research. The study protocol was approved by the Institutional Animal Care and Use Committee according to the National Institutes of Health guide for the care and use of Laboratory animals.
Tissue collections
Rats were weighed and killed between 1100 and 1400 hours. Inguinal white fat tissue (I-WAT), interscapular BAT and retroperitoneal WAT (R-WAT) were collected from decapitated animals, weighed, placed in plastic tubes and frozen on dry ice. Samples were preserved at À80 1C until analyzed.
Trunk blood was collected in two chilled vacutainer tubes coated with EDTA. Tubes for OT assays, in addition, contained 150 ml of Trasylol (aprotinin) 500 000 KIU (Bayer, Germany). Samples were kept ice-chilled for up to 1 h before being centrifuged at 4 1C at 1500 g for 15 min. Supernatants were collected and stored at À80 1C until assayed.
Hormones: sampling and assay General. We determined the plasma blood levels of leptin and OT, using 96 plate commercial ELISA kits (R&D Systems, Minneapolis, MN, USA). Measurements were performed in duplicate. The concentration of samples was calculated according to the relevant standard curve. For each plate a separate standard curve was constructed.
Oxytocin. We have recently described plasma OT determination in human blood, using the same procedure. 31 Briefly, samples were diluted 1:5 in the assay buffer and treated according to the instructions of the commercial kit. At the final step, the optical density of the samples and standards was measured in wavelengths of 405 and then 590 for corrections. Concentrations of OT were calculated using MatLab-6 according to the semilogarithmic curve standard, having the range of 3.9-1000 pg ml
À1
. We note that the range of OT levels that was measured in the current study is according to the levels observed for Sprague-Dawely rats, measured by enzyme-linked immunoassay. 32 Leptin. Samples were diluted 1:11 in the assay buffer and treated according to the instructions of the commercial kit. At the final step, the optical density of the samples and Adaptation to lactation in a model of obesity O Zagoory-Sharon et al standards was measured in wavelengths of 450 and then 570 for corrections. The concentration of leptin was calculated according to the logarithmic curve, with the range of 62.5-4000 pg ml
.
Hypertrophy of adipocytes. The weight of fat tissue changed tremendously over the reproductive phases. Therefore, we were interested to learn about the characteristics of fat cells at the different time points. A unique feature of adipocytes is their capability to vary greatly in size depending upon stage of development, nutrient availability and physical activity level. In adult rats, total adipocyte cell number cannot be decreased. [33] [34] However, an increase can be observed in genetically obese adult animals, in response to various manipulations. 33 The inguinal fat pad is distinct from other fat depot types, as both adipocyte cell size and number can be affected by food consumption and reproductive status. 33 For this reason we further investigated the size of inguinal adipocytes.
Histology. Samples of I-WAT were used for characterizing the adipocytes' cell-calculated surface. Tissues were sectioned to 8 mm by cryostat (Lyca), at À35 1C, mounted on glass slides and digital photographs (Nikon) were taken through the microscope (Nikon) using the ACT1 program (at Â 200 magnification). For each inguinal fat pad examined, between 6 and 16 representative pictures were taken at minimal distance intervals of 30 mm . Adipocyte size parameters were derived from two to four representative cells from each picture, depending on the cell size, using the public domain National Institutes of Health Scion image program. From each animal at least 24 cells were analyzed. The criteria for representative cells were: (1) no granulation was visible in its surrounding membrane and (2) the membrane was smooth. A similar methodological approach was described elsewhere. 35, 36 The adipocyte's surface area was calculated from the size parameters according to the ellipsoid surface equation.
Data presentation and analysis
Statistical comparisons between strains were performed by two-way analysis of variance (ANOVA), with strain as one factor and reproductive stage group as the other, on each fat depot and hormone separately. Significant interactions were followed-up by one-way ANOVA comparing reproductive states, separately in each strain, followed by post-hoc Duncan's test. Student's t-tests further allowed for comparison between strains at particular reproductive states, to complete the interpretation of significant interactions. For group comparisons on adipocyte area, where the N was smaller, a nonparametric approach was chosen: KruskalWallis tests, followed by post-hoc Mann-Whitney tests for pairwise comparisons. Finally, Pearson's correlation coefficients were determined between the measures.
Results

Body weight
In addition to a significant strain effect (F(1,66) ¼ 135.13; Po0.001), in which OLETF female rats were heavier than LETO controls, overall ANOVA showed a significant strain Â reproductive stage interaction (F(4,66) ¼ 7.47; Po0.001), but no overall reproductive stage effects. As shown in Table 1 , the OLETF dams were significantly heavier than controls in all reproductive states examined (Po0.001), with the exception of Lac15 (Po0.1).
LETO One-way ANOVA showed significant differences in body weight across reproductive stage (F(4,37) ¼ 6.32, Po0.001).
Post-hoc Duncan's test (Po0.05) showed that the weight of the NP group was significantly lower than that of the Lac15, Lac22 and PW groups, and the Lac15 group weighed significantly more than the Lac7 and NP groups (Table 1) .
OLETF One-way ANOVA showed significant body-weight differences across reproductive stage (F(4,29) ¼ 3.37, Po0.05). Post-hoc Duncan's test showed that body weight was significantly lower on lactating days 15 and 22, compared to both the NP and the PW groups; Lac7 rats did not differ from the other groups (Table 1) . Figure 1 shows data from three fat depots: inguinal, retroperitoneal and brown (BAT), in LETO and OLETF groups separately. Significant strain main effects were revealed for all pads, both on net weights and on the percentage of bodyweight measures (all six ANOVAs, Po0.001): overall, OLETF dams had heavier fat pads than LETO controls. In addition, the strain Â reproductive phase group interactions were significant for all three pads, by both measures (in five ANOVAs, Po0.001, for percent BAT, Po0.01).
Adipose tissues
Stage of lactation significantly affected inguinal fat in LETO rats whether the data are expressed in absolute (F(4,31) ¼ 64.39, Po0.001) or relative terms (F(4,32) ¼ 104.75, Po0.001). Post-hoc Duncan's tests (Po0.05) showed that all lactating groups had weights and percent weights of inguinal fat tissues, which were significantly higher than those of the two nonlactating groups (NP and PW). PW rats had significantly lower percent weight of fat tissues compared to the NP group. Within the lactating groups, dams had greater percent fat levels during the first two postpartum weeks than the Lac22 group. There were no reproductive stage differences in net and percent of LETO retroperitoneal and BAT fat pads' weight from total body weight, with one exception. BAT weight was significantly lower in Lac7 than in Lac22 and PW groups (F(4,32 ¼ 2.69, Po0.05, Duncan's test, Po0.05). . At each phase, 5-10 animals were tested and averaged; the error is represented as s.e.m. Analyses of Variance (ANOVAs) performed on the data showed, overall, that the lactating LETO groups had significantly more I-WAT (but not R-WAT and BAT) than the LETO nonlactating groups, whereas in the OLETF strain, the lactating groups had significantly less fat in all three tissues compared to the NP group, and on most comparisons also compared to the PW group. With some exceptions, fat tissue weight did not differ significantly among the lactating groups. OLETF-LETO comparisons: OLETF dams had significantly heavier fat pads and greater percent fat on all measures, in NP, PW and Lac7 dams (with a few exceptions). In contrast, on Lac15 and 22, the two strains did not differ on all measures (with one exception). For particular group comparisons, see 'Results'. *, Significantly different from NP group, within-strain comparison and þ , significantly different from PW group, within-strain comparison.
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As can be seen in Figure 1 , there were significant differences in all the fat tissues across the various stages of lactation in OLETF rats: Inguinal pad weight (F(4,26) Post-hoc Duncan's tests showed that all lactating OLETF groups had fat tissues (both net and as percentages) that were significantly lighter than those of the NP OLETF group (with one exception: for percent inguinal fat, Lac7 did not differ from NP) (Figure 1) . Similarly, the Lac15 and Lac22 OLETF groups presented fat pads (both net and as percentages) that were significantly lighter than those of the PW OLETF group (with one exception: percent BAT: the Lac22 vs PW comparison). In contrast, Lac7 rats differed from PW rats only on the retroperitoneal fat (net and percentage), but not in the two other fat tissues. Within the lactating groups, the Lac15 group did not differ significantly from the Lac22 dams on any measure, whereas Lac7 rats presented heavier retroperitoneal fat (both net and percentage) than the Lac15 and 22 dams (the Lac7 vs 22 comparison was also significant on weight of inguinal fat).
OLETF-LETO comparisons on all six measures, at each reproductive state separately showed that OLETF dams had significantly heavier fat pads and greater percent fat on all measures, in nonlactating NP and PW rats (with one nonsignificant exception: percent BAT, Po0.1), and in Lac7 dams (with one exception: percent inguinal fat). In contrast, on Lac15 and 22, the two strains did not differ on these measures (with one exception: inguinal fat weight in Lac22 rats).
In summary, LETO female rats appeared to accumulate I-WAT during the first 2 weeks of lactation. From the 15th day, the amount of I-WAT was lower, and PW dams contained the same amount of I-WAT as found in NP rats (Figure 1 ). On the 7th day of lactation the female rats had 214% I-WAT compared to NP rats. On the 15th day of lactation I-WAT rose to 246% than that of NP and on weaning I-WAT was still 180% than that of NP. No significant difference was observed in R-WAT and BAT between LETO female rats regardless of status. OLETF female rats lost fat during the lactation period, from all the three examined tissues. In the middle of the lactation period and during the transition toward weaning (days [15] [16] [17] [18] [19] [20] [21] [22] , OLETF dams had reduced weight fat tissues that did not differ from those of LETO controls in the same lactation stage. In contrast, 8 weeks PW OLETF dams gained fats, appearing to re-achieve the same amount as observed in NP.
Hypertrophy of adipocytes OLETF female rats presented significantly larger fat cell surface areas than those of LETO controls, (F(1,28) Adaptation to lactation in a model of obesity O Zagoory-Sharon et al reproductive stage effect (F(4,36) ¼ 32.14; Po0.001). As shown in Figure 3 , although the nonlactating OLETF dams had significantly higher leptin levels than lactating OLETF dams (one-way ANOVA, Po0.001, Post-hoc Duncan's test), in the LETO strain there was no significant reproductive stage effect. Strain comparisons performed separately at each reproductive stage showed that leptin levels were significantly higher in OLETF vs LETO nonlactating rats. Strain differences were not significant in the lactating groups. For OT, ANOVA revealed a significant strain effect (F(1,36) ¼ 9.50; Po0.01), a significant effect of reproductive stage (F(4,36) ¼ 5.39; Po0.01) and a significant strain by reproductive stage interaction (F(4,36) ¼ 3.38; Po0.05). NP and postpartum OLETF dams had significantly elevated OT levels. These levels were significantly lower during lactation (one-way ANOVA, Po0.01, Post-hoc Duncan's test). OT levels in LETO rats were not affected by lactation.
Glucose levels were similar in OLETF and LETO rats and did not change significantly over the reproductive stages (data not shown). Table 2 presents Pearson's correlations between leptin or OT levels and measures of body weight and fat pads for OLETF and LETO dams, over the reproductive states. For OLETF rats, all the parameters displayed a similar trend; leptin and OT levels were positively correlated with body weight, adipocyte area and weight of fat tissues (normalized to body mass) ( Table 2) . For LETO rats, negative correlations were found between leptin and I-WAT area, body weight and weight of BAT, and between OT levels and R-WAT.
Correlations
Discussion
Lactating female rats increase food intake to maintain energy balance.
1 During lactation, the hyperphagia and subsequent weight gain are dependent upon the presence of suckling pups. 8, 13 However, the underlying mechanisms controlling this process are unclear, especially for obese individuals. To better understand the process of body-weight regulation during lactation, we examined body weight, fat tissues and hormone levels in lactating, weaned and NP OLETF and LETO rats. The pattern of results suggests, together with the existing literature, that joint action of CCK, OT and leptin on hypothalamic brain areas and their descending control signals may underlie the weight gain characteristic of lactation. In addition, the results suggest that obese individuals may cope with the energetic demands of lactation differently than lean mothers. We found that body weight of the control LETO strain gradually increased postpartum, reaching significance compared to NP rats at the end of the second week of lactation At each phase 4-6 dams were tested and averaged; the error is represented as s.e.m. Hormone levels did not differ between groups in the LETO strain. In the OLETF strain, leptin levels were significantly lower in lactating vs nonlactating OLETF groups and oxytocin (OT) levels were significantly lower in lactating OLETF vs the NP OLETF group (but the comparisons with the PW group were not significant). Leptin and OT levels within the three lactating OLETF groups did not significantly differ from each other (for particular group comparisons, see 'Results'). *, Po0.05 compared to the nonlactating groups, for leptin, and compared to the NP group only, for OT. Adaptation to lactation in a model of obesity O Zagoory-Sharon et al (Lac15). This weight difference was reflected in inguinal fat. In the PW period, inguinal fat depots decreased. R-WAT and BAT mass hardly changed during lactation. Furthermore, the morphology of the inguinal fat tissue was very different in nursing vs nonlactating female rats, as previously described. 37 During lactation, the tissue was rich in blood capillaries and little milk vesicles (as observed when analyzing the fat cells). The texture was not uniform, with adipocytes cropped together in-between the blood capillaries and milk-containing structures. Since adipocyte size was not increased in the first lactation week, although fat tissue weight was greater, compared to NP LETO rats, we speculate that the difference in tissue weight between week-1 lactating and the nonlactating rats not only reflects differences in size of adipocytes, but also a greater variety (and probably number) of cells, including adipocytes and other lactationrelated cell types. In contrast, in the second and third lactation week, a hypertrophy process also occurred, with increased fat cell size accounting, at least partially, for the larger tissue weight. In LETO rats, plasma leptin levels were negatively correlated with adipocyte size (Table 2 ). However, leptin levels during the lactating period were not significantly different from the levels found for NP and PW LETO dams. This is according to the previous reports, 38, 39 whereas others have reported hypoleptinemia during lactation. 8, 12, 13 We note that leptin levels of OLETF and LETO NP dams in our present study were in the same range as that reported for 12 weeks postpartum dams. 45 In women, serum leptin in the 36th week of pregnancy was significantly higher than 3 and 6 months postpartum. At those (later) time points, leptin was highly correlated with fat mass of the women, and was not influenced by lactation. 40 In lactating OLETF rats, I-WAT mass and overall body weight were lower than in NP OLETF rats. In addition, the percentage of I-WAT fat utilization exceeded the percent reduction in body weight (as evident from the top panel of Figure 1 and Table 1 ). A similar reduction was observed for R-WAT. Lactating is an energy-draining process. It would appear that OLETF rats utilized not only their I-WAT store but also the R-WAT depot for the energetic demands of producing milk (and warmth) for the suckling pups. This may be at least partially a response to the demands of their pups. Examination of the body weights of the pups born to the dams in the current study shows that the OLETF pups were significantly heavier than same-age LETO pups at all lactating ages studied (data not shown), as previously reported. 41, 42 Adipocyte size, in OLETF dams, appeared to decrease as lactation progressed, according to the findings on I-WAT size. At 2 months after weaning, their fat mass and adipocyte size appeared to return to 'expected' obese levels, as observed in NP rats. Leptin levels were highly correlated with OLETF body weight, fat mass and adipocyte size ( Table 2 ). In general, Bailey 33 reported that I-WAT mass decreased as a function of both reduced size and number of fat cells, following exercise. Thus, this tissue appears to be an energy reservoir that responds to the body's energetic needs, not only after exercise, but also in lactation. It appears that OLETF dams exhibit a relatively negative energy balance, using their energy stores for nursing, with leptin levels decreasing accordingly. In fact, the energetic demand on OLETF dams is greater than that of LETO controls, because OLETF pups are heavier than same-age LETO pups from birth through weaning, 41 OLETF dams nurse their pups for longer durations, and OLETF pups gain more weight from a nursing bout. 43 Our data show that in the face of this energetic challenge, OLETF dams manage, nevertheless to achieve (lean) lactating LETO-levels of fat stores. This may be interpreted either as indicating a negative energy balance, or as adaptation at a lean-level set-point, just as is the case when OLETF male rats have the opportunity to exercise. 44 In OLETF rats, BAT tissue weight and leptin levels were highly correlated; both were significantly lower than in nonlactating rats. The reduced BAT levels during lactation (Figure 1e ) may be due to the dam's negative energetic balance. Alternatively, OLETF rats may not reduce uncoupled proteins (UCPs) in this tissue (an energy-saving strategy characteristic of lactation). 9 During lactation, hypothalamic NPY/AGRP increases. 8, 46 DMH NPY has been shown to be important in modulating lactation-associated hyperphagia.
14 In male OLETF rats, NPY mRNA is overexpressed in the DMH, suggested a primary deficit in NPY signaling that may contribute to their hyperphagia and obesity. 22 In response to long-term exercise, DMH NPY was overexpressed in LETO but not in OLETF male rats. 44 After prolonged exercise, leptin levels, epidydimal fat and body mass of OLETF and LETO male rats were similar: the OLETF phenotype was 'normalized' to a more lean profile. 44 Can we compare the energetic demands of lactation to those of exercise? The current results show that during the 3 weeks of lactation, LETO dams increased body weight and fat depots, whereas OLETF reduced weight, fat stores and leptin levels, the two strains reaching similar levels on Lac15. Adipocyte cell surface area is even smaller in OLETF than LETO rats on weaning day. Thus, OLETF become leaner in response to both exercise and lactation, whereas LETO controls presented opposite patterns: weight reduction following exercise and increase during lactation. In addition, after locking the running wheels for 6 weeks, OLETF male rats did not fully recover, 44 whereas after 8 weeks PW OLETF female rats appear to be fully recovered in the present study. Thus, the energetic demands of lactation produce a different pattern of physiological adaptation. It appears that OLETF dams do not manage to meet the high energetic demands of nursing rapidly growing OLETF pups. They may not sufficiently compensate by increased feeding, and thus utilize their excessive fat stores in addition. Either their regulatory processes are inadequate, or they adapt to lactation as if their pups were 'normal' (LETO): their fat stores are at lean, LETO levels.
Denis et al. 13 speculated that lactation-hyperphagia is accounted for by additional orexigenic factors, beyond the decrease in leptin levels. The current findings showed an accompanying decrease in plasma OT levels in the lactating OLETF dams. Leptin appears to regulate OT secretion through leptin receptors on the PVN and/or in the brainstem. 47, 48 Sensory information regarding suckling is transferred by afferent nerves from the nipple to the brainstem, and from there to various other brain regions, including the PVN, which mediate the effect of suckling on OT and prolactin secretion. This suckling stimulation could also transmit signals regulating food intake. 13 It appears that this regulation may have failed in the case of the OLETF. The remarkable morphological plasticity of OT neurons during the progression from pregnancy to lactation is relevant. The excitatory effect of OT neurons (in slices from SON) was maximal in lactating rats, intermediate in virgin and lowest in pregnant rats. Excitation by CCK was high in both lactating and virgin rats, and was minimal in the pregnant group. 4 The PVN is the most likely candidate for mediating downstream leptin signaling because the anorectic peptides CRH and OT, expressed in this region, are known to project to CNS regions involved in regulation of meal size, and because PVN lesions induce hyperphagia. 2 OT axons within the descending pathway from the PVN to the NTS are anatomically positioned to interact with NTS neurons that respond to vagally-mediated peripheral CCK signals such as those occur, following ingestion of meal. 5 These findings support the hypothesis that OT exerts a tonic stimulatory effect on the response of key neurons within the NTS to CCK and further reduces meal size.
5
PVN OT projections could either modulate the activity of intrinsic brain stem reflex arcs, or exert a direct control over vagal efferents that project to the gut and inhibit gastric motility. Regarding CCK, hyperphagia in lactating female rats was associated with decreased sensitivity to the satiety effect of IP CCK, similar to that in hyperphagic obese rats. 1 Stimulation of gastric vagal afferents by systematic administration of CCK inhibited gastric motility, reduced food intake and stimulated pituitary secretion of OT in rats. Note that in lactating rats, OT secretion did not decrease gastric motility. 3 Blevins et al. 5 research supports a model in which oxytocinergic PVN neurons transmit descending input from the hypothalamus to NTS neurons involved in meal-related control of food intake. Later on Blevins et al. 48 showed that release of OT from the descending parvocellular neurones of the PVN (pPVN) to NTS pathway contributes to leptin's attenuation of food intake. This was explained by a mechanism that involves the activation of pPVN OT neurons by leptin, resulting in increased sensitivity of NTS neurons to satiety signal. According to the literature reviewed above, it appears that lactation is characterized by increased hypothalamic NPY levels contributing to hyperphagia and weight gain, and decreased UCP BAT expression, reducing energetic expenditure.
Another accompanying process, which is likely lacking in OLETF rats, is the decrease in sensitivity to CCK and OT of OT neurons from the PVN to the NTS. On the basis of our findings, we speculate that this last process is important in adaptation to lactation in 'normal' rats. It is relevant to note in this context that research in patients with anorexia or Prader-Willi syndrome suggests that OT is important in regulating ingestive behavior in the human hypothalamus. 3 The OLETF pattern of adaptation to lactation may indeed be accounted for by the lack of functional CCK-1 receptors directly interfering with a relevant pathway, as speculated about in the previous paragraphs. However, an alternative possibility is that the OLETF's obese phenotype, following life-long hyperphagia (a secondary result of the lack of CCK-1 receptors) can account for the differential adaptation pattern. One way to examine this is to see if a different, environmentally induced rat model of hyperphagia-induced obesity, without mutations in the CCK (or NPY) systems, shows a similar pattern. Bayol et al. 49 provided rat dams with a 'cafeteria diet', which consisted of eight different types of palatable foods, together with their normal balanced chow from the first day of pregnancy. These dams exhibited hyperphagia and increased intake of foods rich in fat throughout pregnancy and lactation, compared to chowfed controls. At the end of gestation, these 'junk food'-fed dams were 13% heavier than controls-fed chow alone. Nevertheless, both groups had similar body weights on the day of weaning (Lac21). The researchers suggest that the lack of body mass increase, despite consuming more energy, suggests that the mothers fed the 'cafeteria diet' during lactation may have invested more energy in milk production and therefore their milk may have been richer in energy and fat. In another study, Wistar rats were fed a mixture of chow, sucrose and sweetened condensed milk from the age of 10 weeks, mated on week 14 and switched back to standard chow at 2 days postpartum: although these dams weighed more than control dams during gestation, there was no longer a significant difference in body weight between them and chow-fed control dams by Lac7 and on throughout lactation. 50 Levin and Govek 51 fed high-energy (HE) diets to selected strains of rats susceptible to development of DIO or diet resistant, for a month, then throughout gestation and lactation. Comparison of dam body weight before mating and in the second lactation week (their Table 1) shows that although the chow-fed rats from both strains were heavier when lactating than before pregnancy, the HE-fed dams from both strains were not. Furthermore, within each strain there were no diet-induced effects on dam body weight on Lac15. 51 In a similar study design, HE-fed DIO rats gained only half as much body weight than chow-fed DIO rats, when comparing premating and second lactation week data. 52 In Wistar rats fed control or HF diet for weeks prior to mating: 'during gestation, those fed the HF diet maintained their overweight compared with normally fed dams. After delivery, HF dams lost relatively more weight than did C dams, mainly during the second half of the lactation Adaptation to lactation in a model of obesity O Zagoory-Sharon et al period, and then the body weight became identical in the two groups at the end of the weaning period'. 53 Overall, these patterns of weight differences are very similar to those described in the current study, in which OLETF rats were much heavier than LETO controls as NP and on Lac1, although this difference dramatically decreased on Lac15 and 22 (Table 1 ). This similarity suggests that the pattern of OLETF adaptation to lactation may reflect their general hyperphagia-obesity phenotype, rather than, or possibly, in addition to, its specific CCK-1 mutant status.
Summary
In conclusion, the present study contributes to our understanding of body mass regulation during lactation and after weaning. It appears that the CCK-1 mutation (and related alterations, neurochemical, for example, in NPY levels, and physiological, for example, obesity) prevents the ability of the OLETF dam to compensate for the large energetic demands of nursing preobese OLETF pups. Instead she uses her ample body fat stores as a resource. This strategy appears to work well, as OLETF pups are heavier and more obese than LETO controls at weaning.
